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The primary objective of this study is to evaluate the effects of asphalt concrete (AC) properties 
and vehicle speed on fuel consumption excess using a Three-Dimensional (3D) Finite Element 
(FE) approach. Secondarily, the effect of pavement design characteristics on energy dissipation 
was studied. Finite element modeling was used to simulate three flexible pavements typically used 
for low traffic volume, medium traffic volume, and high traffic volume. The effect of asphalt 
concrete mixes with different binders and varying percentages of Reclaimed Asphalt Pavement 
(RAP) on fuel consumption excess was studied. The FE models were validated based on field 
stress and strain measurements at the Louisiana Accelerated Loading Facility (ALF). Energy 
dissipation was calculated for the whole model due to materials’ viscous properties and was used 
as an input in fuel consumption estimation. 
Results indicated that the pavement with the stiffer mix, i.e., the mixes with high 
percentage of RAP consumed less energy. Therefore, fuel savings can be expected when increasing 
the stiffness of asphalt layer using RAP materials. However, the fuel consumption due to energy 
dissipation constitutes only a very small fraction of the total vehicle fuel consumption. An increase 
in energy dissipation of 0.5 MJ/100mile was observed to yield a corresponding 0.013 gal/100mile 
increase in fuel consumption to overcome the energy dissipation for an 18-wheeler truck at 60 
mph. Fuel consumption excess was lowest at the highest speed and increased with decreasing 
speed.  
The fuel consumption excess was higher for pavements with greater thickness of AC layer, 
indicating a considerable impact of AC thickness on fuel consumption excess. Results for fuel 
consumption excess on medium and high traffic volume flexible pavements suggested that the 






In 2009, trucks moved 81% of total tonnage and 86% of the total value of U.S. shipments, 
excluding commodities transported by pipeline, accounting for almost 20% of all transportation-
related fuel consumption and Greenhouse Gas (GHG) with an average fuel economy of about 5.9 
miles per gallon (Brogan et. al., 2013).  The Bureau of Transportation Statistics (BTS) have 
estimated the consumption of natural resources from truck transportation to be about 200 billion 
gallons of  motor fuel annually from about 255 million vehicles, which translate to about 800 
billion dollars of economic worth (Zaabar and Chatti, 2014).  In addition, the impact on road 
infrastructure (predominantly most of the load-related damage in pavements) that is associated 
with trucking operations is substantial.  With the increase in fuel prices and new emissions-
reducing technologies, which necessitates a significant reduction in fuel consumption, fleet fuel 
economy is a major factor dictating the cost-effectiveness of trucking operations.  Tire rolling 
resistance accounts for approximately 32% of the energy supplied by the engine, while 
aerodynamic and mechanical resistance accounts for 53% (for a truck traveling at 60 mph) and 6% 
of truck energy use, respectively.  Auxiliary devices such as cab ventilation account for the 
remaining 9% (The National Academic Press). 
The increase in surface roughness is a major factor influencing fuel consumption for all 
vehicle types.  In recent years, various studies have attempted to compare fuel consumption in 
asphalt and concrete pavements.  A study estimated that a reduction in surface roughness by 63.4 
in/mile would result in 3% decrease in fuel consumption and save the nation $24 billion per year 
(Chatti and Zaabar, 2012).  Another study reported that the operation of heavy vehicles on concrete 




pavements (National Ready Mixed Concrete Association, 2008).  This was attributed to the greater 
surface deflection exhibited by the vehicle on asphalt pavements as compared to concrete 
pavements.  However, the difference in fuel economy was solely attributed to pavement type with 
no consideration of the variation in materials and structure stiffness for each pavement type. 
The type of pavement; more specifically the rigidity of pavement plays an important role 
in vehicle fuel consumption as the pavements and tires have a nonlinear deformation-recovery 
characteristic.  The deflection of a flexible pavement (i.e., asphalt with viscoelastic properties) 
consumes part of the rolling energy that may otherwise be used in propelling the vehicle (European 
Concrete Paving Association, Lu 2010).  A review of the literature shows that there is limited 
research on the effect of pavement viscoelasticity on rolling resistance and on fuel consumption.  
A stiffer pavement offers reduced rolling resistance and pressure waves induced, both in pavement 
and subgrade resulting in lower pavement deflection.  A study in Europe suggested that the 
increase in pavement deflection by 60-100 microns could increase the fuel consumption by 28% 
(Benbow et al., 2007).   
Since 94% of all roads in the US are asphalt-paved, comparison of fuel consumption excess 
among different asphalt mixes with different dissipation properties would be beneficial.  A finite 
element approach was used in the present study to analyze the impact of mix viscoelastic 
properties, vehicle speed, and pavement layer thicknesses on fuel consumption. Energy dissipation 
in the pavement due to viscous properties was used to estimate fuel consumption excess due to 
deformation. Primarily, the effect of energy dissipation in the pavement due to the surface mixes 




 PROBLEM STATEMENT 
Vehicular fuel consumption have a major impact on the overall economy of the United States.  As 
stated, the consumption of natural resources from truck transportation is calculated to be about 200 
billion gallons of motor fuel annually from about 255 million vehicles, which translate to about 
800 billion dollars of economic worth.  One of the factors that affects fuel consumption is energy 
dissipation in the pavement during pavement vehicle interaction.  Therefore, there is a need to 
study the effect of asphalt mixtures, and vehicle speed on energy dissipation, which directly affects 
fuel consumption.  
 RESEARCH OBJECTIVES 
The main objective of the study is to evaluate the effect of mix viscoelastic properties, and vehicle 
speed on fuel consumption excess based on a theoretical modeling approach. This study utilized 
an advanced three-dimensional FE modeling approach to develop models that simulated asphalt 
pavements. The dissipation energy obtained from the model was used to estimate fuel consumption 
excess. The developed FE model is a three-dimensional model with the tire load simulated as a 
series of time intervals vertical pressures. The loading pattern simulated a dual-tire configuration 
in the developed 3D FE models to predict the energy dissipation in flexible pavements with 
different asphalt mixes and vehicle speed.  The energy dissipated in the entire model was used to 
estimate fuel consumption excess. 
 RESEARCH APPROACH 
To achieve the aforementioned objectives, the research approach adopted in this study consisted 




1.3.1 Task 1:  Literature Review 
A comprehensive literature review was conducted to review the following topics:  
 Energy dissipation in pavement due to pavement vehicle interaction; 
 Effect of rolling resistance on energy dissipation; 
 Variation of vehicular fuel economy with pavement type and pavement stiffness; and 
 Finite element method and ABAQUS. 
1.3.2 Task 2: Numerical FE Modeling 
The finite element method can be implemented to solve steady or transient problems in linear and 
nonlinear regions for one, two, or three dimensional domains. The three dimensional approach can 
accurately model the pavement structure and loading pattern. The commercial software ABAQUS 
was used for three dimensional FE modeling of flexible pavements with different surface mixes. 
The effect of vehicle speed was studied by simulating five different loading speeds. The dimension 
of the developed three-dimensional models was 1304mm x 2500mm; the general layout of the FE 
model is presented in Figure 1. Viscoelastic constitutive model was used to simulate the behavior 
of the asphalt layers and elastic constitutive model was used to simulate the granular, and subgrade 
layers. Quasi viscoelastic nonlinear analysis was performed to study the time-dependent responses 
of the pavement structure to vehicular loading. The length of each time increment was set to 
simulate the vehicle movement at the desired speed. Elastic element foundations, which act as 
springs to the grounds, were used to represent the subgrade’s support of the pavement structure. 
The pavement material properties, pavement structure, and vehicle speed were varied to study the 





Figure 1. General Layout of the 3D Finite Element Model 
1.3.3 Task 3: Model Validation 
The developed model was validated based on field measurements obtained from an experiment 
conducted at the Accelerated Loading Facility (ALF) located at the Pavement Research Facility; 
the details of the field experiment is discussed in Chapter 3 of the thesis. The constructed and 
instrumented pavement structure is presented in Figure 2. The vertical stress and longitudinal strain 
measurements due to vehicular loading were measured using strain gages and pressure cells.  A 
comparison of measured and calculated stress and strain responses was performed to validate the 
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Figure 3. Strain and Stress Curve from the ALF Experiment (Elseifi, 2009) 
1.3.4 Task 4: Analysis of Results 
The effect of surface mix type and vehicle speed on fuel consumption excess was studied by 
varying the viscoelastic properties of the wearing surface and the time increment of the loading 
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on fuel consumption excess, see Figure 4. The dissipation energy obtained from the model was 
used to compare the variation in fuel consumption excess due to asphalt surface mixes, and vehicle 
speed. 
 














2. LITERATURE REVIEW 
 PAVEMENT VEHICLE INTERACTION 
Pouget et al. prepared a linear viscoelastic (LVE) model to study the effect of viscoelastic energy 
dissipation on vehicle fuel consumption (Pouget et al., 2011). The LVE model was used to calibrate 
a finite element model to calculate the stress and stain under a rolling load for two typical 
bituminous material. The load was modeled as a wheel moving at a constant pressure of 0.67 MPa 
on a square area (0.22*0.22m) over a pavement layer comprised of 0.06 meter polymer-modified 
asphalt (PMA) wearing course atop a combined 0.16m of AC base course over a 1-m soil subbase. 
The dissipated energy for a 40-ton truck may represent about 5.5% of total energy for summer 
conditions (63°C) at a speed of 100 km/hr., while it may represent only about 0.25% during the 
reference design temperature of 15°C. At very low (<15°C) and very high temperature where the 
bituminous material may be considered as purely elastic, the energy dissipation is negligible (<0.25 
%). The dissipated energy represented a considerable amount of total energy at a critical 
temperature range of 40-90°C. Figure 5 presents the energy dissipated with temperature for AC 
and PMA pavements at 100 km/h and 50 km/h for a 40-ton truck. 
 
Figure 5. Evolution of Dissipated Energy and Fuel Consumption Excess with Temperature at 100 




The energy dissipation in the pavement due to pavement vehicle interaction contributes to 
excess fuel consumption and greenhouse gas emissions. The additional energy required to maintain 
a constant speed is dependent upon the structural and material properties of the pavement layers, 
temperature, and speed of the vehicle (Louhghalam et al., 2014). The authors simulated a linear 
viscoelastic beam on an elastic foundation to develop a scaling relationship between energy 
dissipation and pavement properties for a linear viscoelastic system. The energy dissipation was 
observed to scale with the square of vehicle weight, inverse of viscous relaxation time, and with 
distinct power relations of top-layer stiffness, thickness, and subgrade modulus. The developed 
scaling relation was applied to in-service pavement conditions; the excess fuel consumption was 
observed to be 178 to 468 L/km per day for asphalt concrete pavement over granular base, 11 to 
38 L/km for jointed plain concrete pavement, and 44 to 139 L/km for asphalt concrete overlay of 
PCC pavement. Figure 6 presents the dissipated energy as a function of speed and temperature for 
three General Pavement Studies (GPS) systems; GPS-1 represents an AC pavement on granular 
base, GPS-3 represents a jointed plain concrete pavement and GPS-7 represents an AC overlay of 
PCC pavement. 
 
                              (a)                                                                           (b) 
 Figure 6. Dissipated Energy caused by HS20-44 Truck with Axle Loads P1 = 36.29 kN, 
P2 = P3 = 145.15 kN as Function of (a) Vehicle Speed (at temperature 10°C ± 10°C) and (b) 




Akbarian studied the effect of pavement vehicle interaction in overall life cycle of 
pavements. A mechanistic pavement model consisting of a Bernoulli-Euler beam on a damped 
elastic foundation and tire representing the line load was constructed to establish the relation 
between pavement deflection and fuel consumption (Akbarian, 2012). The calibrated and validated 
model was used to derive the scaling relation of fuel consumption with pavement properties. The 
Instantaneous Fuel Consumption (IFC) was scaled as: 
 IFC ~ M2 x E-1/2 x k-1/2 x h-3/2 (2.1) 
Where, M, E, k, and h are respectively the loading weight, top-layer elastic modulus, 
subgrade modulus, and top-layer thickness. A comparison between two pavements with same 
subgrade modulus and subjected to same load showed that a pavement with top-layer modulus of 
5,000 MPa shall be 1.6 times thicker than the pavement with top layer modulus of 20,000 MPa to 
maintain the same instantaneous fuel consumption. The maximum IFC for truck was observed to 
be 0.023 gal/100 miles for concrete pavements, while the IFC can reach up to 0.14 gal/100 miles 
for Asphalt pavements when the added fuel consumption caused by pavement deflection is 
modeled as added grade. The same values may reach up to 0.043 gal/100 miles (for concrete 
pavement) and 0.26 gal/100 miles for asphalt pavements, when the added fuel consumption caused 
by pavement deflection is modeled as added roughness. 
Another research by Louhghalam et al. studied the effect of pavement structural and 
material properties on pavement deflection and resulting fuel consumption. A mechanistic model 
consisting of an infinite beam on elastic foundation was developed and the model was used to 
develop an expression for energy dissipation caused by the pavement deflection for General 
Pavement Studies (GPS) from the FHWA’s long term pavement performance program 
(Louhghalam et al., 2014). The probability function for the dissipated energy due to deflection was 




was used to convert the calculated dissipated energy to fuel consumption. The excess fuel 
consumption was observed to be higher for flexible pavements compared to rigid and composite 
pavement. The effect of speed on fuel consumption for AC pavement was observed to be higher 
for higher temperature. The speed and temperature were observed to have a significant effect on 
fuel consumption for flexible pavement with viscoelastic properties compared to the rigid 
pavement. Figure 7 presents the effect of speed and temperature on vehicular fuel consumption for 
an HS20-44 truck. 
  
                                 (a)         (b) 
 
            (c) 
   Figure 7. Variation of Excess Fuel Consumption at the 95% Confidence Level as a Function of 
(a): Speed at T=10_C_10_C; (b): Speed at T=30_C_10_C (c): Temperature at c =100 Km/h 




Louhghalam et al. performed a study on two approaches of Pavement Vehicle Interaction 
(PVI); dissipation-induced PVI and deflection-induced PVI. Two models were constructed to 
study the energy dissipation for two approaches; a viscoelastic beam and a viscoelastic plate both 
resting on an elastic foundation (Louhghalam et al., 2013). The authors observed that the dissipated 
energy for two approaches of PVI was same from the thermodynamic point of view and differ only 
in the reference system; fixed coordinate system (observer attached to the pavement) and moving 
coordinate system (observer attached to tire-pavement interface and moving along the contact 
area). The rate of dissipation was observed to scale with the square of applied force, provided the 
linearity of the assumed viscoelastic behavior. A scaling relationship of the dissipated rate (D) 
with various pavement properties were obtained as; 
   D ∝ τ-1 P2 E*-d/4 h-3d/4 k-1/2+d/4 (2.2) 
Where, τ, P, E*, h, k, are respectively the characteristic relaxation time, concentrated point 
force, Elastic modulus, thickness of top layer, and spring constant and d is a constant whose value 
was determined to be 1 for beam model and 2 for plate model. Similarly, E* = E for beam model 
and E* = E/ (1- ν2) for plate model. 
Akbarian et al. calibrated and validated a Bernoulli-Euler beam on a viscoelastic 
foundation to study the effect of pavement structure and properties on fuel consumption (Akbarian 
et al., 2012). The gradient force and rolling resistance were determined from the measured 
responses to link pavement deflection to vehicle fuel consumption. The theoretical fuel 
consumption estimate was compared with the independent field data which provided realistic 
order-of-magnitude estimates of the fuel consumption. Table 1 present the change in fuel 
consumption due to pavement deflection for pavements modeled as added grade and Table 2 




added roughness. The values suggest that the modeling impact of pavement vehicle interaction on 
fuel consumption as added grade or roughness yields results of the same order of magnitude. 
Table 1. Impact of Deflection on Fuel Consumption Modeled as Added Grade (Akbarian et al., 
2012) 
Vehicle Type 
Change [L/100 km (gal/100 mi)] 
Concrete Asphalt 
Minimum Maximum Minimum Maximum 
Passenger 0.0034 (0.0014) 0.005 (0.002) 0.0068 (0.003) 0.08 (0.03) 
Truck 0.02 (0.008) 0.023 (0.01) 0.033 (0.014) 0.14 (0.06) 
 
Table 2. Impact of Deflection on Fuel Consumption Modeled as Added Roughness (Akbarian et 
al., 2012) 
Vehicle Type 
Change [L/100 km (gal/100 mi)] 
Concrete Asphalt 
Minimum Maximum Minimum Maximum 
Passenger 0.0058 (0.002) 0.0064 (0.003) 0.008 (0.003) 0.11 (0.046) 
Truck 0.031 (0.013) 0.043 (0.02) 0.08 (0.03) 0.26 (0.11) 
 
Akbarian et al. performed the network level analysis of the recently developed PVI models 
and calculated the excess fuel consumption for passenger cars and trucks due to pavement 
roughness and deflection (Akbarian et al., 2015). Equation 2.3 represents the deflection induced 
model developed by Louhghalam, Akbarian and Ulm and Equation 2.4 represents the roughness 
induced PVI model developed by Zaabar and Chatti. The FWD tests performed in VA in 2007 
were used to obtain the model parameters for deflection-induced PVI model to calculate the 
vehicular fuel consumption. The excess fuel consumption was observed to be higher for asphalt 
pavements followed by composite pavements and concrete pavements. Figure 8 compares the 
probability distribution function (PDF) of a passenger car and a truck’s fuel consumption; the 




passenger car and HS20-44 truck moving at a constant speed of 100 km/h. Figure 9 presents the 
annual excess fuel consumption due to both deflection and roughness induced PVI. The authors 
concluded that the mapping of excess fuel consumption provides a useful criterion for maintenance 
and rehabilitation schedule; the ranking of excess-fuel consumption follows a Zipf’s law such that 
the rehabilitation of few lane miles produces a significant saving in fuel for the network system 
analyzed.  












)                              (2.3) 
where 𝛿𝐸 is the dissipated energy due to the pavement deflection as a function of two 
dimensionless  numbers, one related to the vehicle speed, 𝒄/𝑐𝑐𝑟 (where 𝑐𝑐𝑟 is the critical speed), 
the other to the  relaxation time of the pavement material capturing the viscoelastic nature of the 
top layer, (𝝉(𝑻) 𝑐𝑐𝑟)/ ℓ𝑠, with ℓ𝑠=(𝐸ℎ3/12/𝑘)1/4 the Winkler length of the beam of width 𝑏, top 
layer modulus 𝐸, top layer  thickness ℎ, and elastic subgrade modulus 𝑘 (Akbarian et al., 2015). 
                                               𝛿𝐸 =  𝐸𝐶(𝐼𝑅𝐼 −  𝐼𝑅𝐼𝑚)                                                   (2.4) 
Where 𝛿𝐸 is the change in fuel consumption for a single vehicle, 𝐸𝑐 is the vehicle specific 
percentage change in fuel consumption due to a unit increase in IRI for a passenger car and a truck, 
and 𝐼𝑅𝐼𝑚 is the pavement reference roughness after maintenance.  
     
Figure 8. Unit Area PDF of the Calculated Deflection Induced Excess Fuel Consumption within 





Figure 9. Total Annual Fuel Consumption due to Deflection and Roughness Induced PVI on 
Passenger and Truck Traffic within the VA Interstate System for the Analysis Period of 2007-
2013 (Akbarian et al., 2015) 
 
Booshehrian et al. analyzed the effect of pavement deflection on vehicle fuel consumption 
for both rigid and flexible pavements. Falling Weight Deflectometer (FWD) measurements were 
used to estimate the deflection-induced vehicle fuel consumption (Booshehrian et al., 2015). The 
authors considered the effect of structural parameters, including the properties of surface course, 
and inertia and damping of underlying layers for the pavements subjected to dynamic load which 
was a modification to generalized Westergaard model. Dynamic back calculation procedure was 
used to obtain the required parameters to calculate the deflection basins for six flexible pavement 
sections and five rigid pavement sections. Then modified PVI model (see, Equation 2.5) was used 
to calculate the dissipated energy and fuel consumption using the back calculated model 
parameters. The dissipated energy and fuel consumption was computed for an HS-20 (a 20 ton 
semi-trailer truck) moving at a speed of 100 km/hr. The results of the analysis are presented in 
Table 3. The authors concluded that the effect of underlying layers and foundation shall not be 




foundation and underlying layers. The seasonal variation of temperature throughout a year affects 
the viscoelastic properties of HMA surface course influencing the vehicular fuel consumption (see 
Figure 10). 








1)2 − 𝑚𝑉2𝜆1 + 𝑘(1 − 𝑖𝜆1𝜏𝑠)
−1                   (2.5) 
 
Where w is the plate deflection, p is the pressure, D1 and D2 represent the stiffness 
parameters of the model (𝐷 = 𝐸ℎ3 /12(1 – 𝜈2)), E, h, and 𝜈 are instantaneous modulus of elasticity, 
thickness, and Poisson’s ratio of the surface layer respectively, λ1 and λ2 are respectively the 
transformed fields of X and y, τ is the relaxation time of the viscoelastic top-layer, m is the mass 
per unit area of the plate and moving portion of foundation, k is the foundation stiffness, and V is 
the speed of the load. The inverse Fourier transformation of Equation 2.5 provides the viscoelastic 
plate deformation. ℱ-1(−𝑖𝜆𝑉w ̂) is the slope 𝑑𝑤/𝑑X where ℱ-1 denotes the inverse Fourier 
transformation. 
 
Figure 10. Effect of Seasonal Variation on the Dissipation Rate for both Flexible and Rigid 




Table 3. Results of Energy Dissipation Analyses Using Back-calculated Pavement Parameters 
(Booshehrian et al., 2015) 
Pavement 













A1 Feb 1.4 163.22 5.88E-03 6.45E-05 
B1 March 16.5 195.82 7.05E-03 7.74E-05 
C1 May 18.2 212.14 7.64E-03 8.38E-05 
D1 August 34.9 362.4 1.30E-02 1.43E-04 
E1 Sep 23.7 293.28 1.06E-02 1.16E-04 
F1 Nov 3.9 173.23 6.24E-03 6.84E-05 
Rigid 
(NC0201) 
B1 Feb 11.2 87.61 3.15E-03 3.46E-05 
C1 March 13.8 108.11 3.89E-03 4.27E-05 
E1 May 26.5 103.8 3.74E-03 4.10E-05 
F1 August 36.2 101.94 3.67E-03 4.03E-05 
G1 Sep 32.7 104.6 3.77E-03 4.13E-05 
 
  ROLLING RESISTANCE 
When a tire rolls on the road, mechanical energy is converted to heat as a result of the 
phenomenon referred to as rolling resistance. Effectively, the tire consumes a portion of the 
power transmitted to the wheels, thus leaving less energy available for moving the vehicle 
forward. Rolling resistance therefore plays an important part in increasing vehicle fuel 
consumption. … Rolling resistance includes mechanical energy losses due to aerodynamic 
drag associated with rolling, friction between the tire and road and between the tire and rim, 
and energy losses taking place within the structure of the tire (LaClair, 2005). 
 
The applied wheel torque in a free-rolling tire is zero; so, a horizontal force exist at the tire-
ground contact patch to maintain equilibrium. This force is generally known as rolling resistance. 
While the hysteresis in tire materials due to the deflection in tire tread while rolling is normally 
responsible for the rolling resistance in tire, the other factors such as tire structure, surface 
conditions, tire pressure, driving speed, operational temperature, and material structure and 




curve of viscoelastic material is presented in Figure 11 (Bendtsen, 2004). The hatched area in the 
figure represents the energy loss which may be calculated using Equation 3. The part of energy 
due to the tire-surface interaction is lost mainly due to three major mechanisms; (a) loses due to 
macro deformations in tire, (b) loses due to micro deformations in the contact area, and (c) loses 
due to slippage friction in the contact area (Bendtsen, 2004). 
 
 
                                           





Figure 11. Hysteresis Loop and Energy Dissipation (Bendtsen, 2004) 
                                                                    𝐸ℎ = ∮  𝜎 𝑑                                                            (2.6) 
Where, Eh is the dissipated energy, σ is the stress and ε is the strain.  
Based on an early study that estimated rolling resistance on different surfaces (Table 4), 
Walter and Conant concluded that the effort to drive on a smooth, hard pavement might be half as 
the effort to drive on a gravel road. They suggested that about an extra 30 pounds of force would 
be necessary to move the tire for each ton of load on a wheel for every inch the tire sank into the 











Table 4. Rolling Resistance on Different Road Surfaces (Walter and Conant, 1974) 
Surface  Rolling Resistance, lb./1000 lb. vehicle weight 
Concrete  10–20 
Asphalt  12–22 
Dirt  25–37 
Sand  60–150 
 
A research team investigated the effect of road-surface conditions and characteristics on 
rolling resistance using coast-down tests. They observed that rolling resistance decrease with (a) 
increase in tire temperature, (b) decrease in road roughness, and (c) decrease in surface texture. 
They concluded that, for a level road, the road surface properties might increase rolling resistance 
by up to 7% at 100km/hr. for passenger cars. The road roughness and tire pressure are significant 
in assessing the rolling resistance (Du Plessis, 1990).  
It may be advantageous to define rolling resistance as an energy loss considering its effect 
on fuel consumption. Though small changes in rolling resistance might not have a considerable 
effect on fuel consumption under urban driving conditions with an uneven driving pattern, the 
change in rolling resistance has a significant influence on fuel consumption under driving 
conditions with a constant speed (Bendtsen, 2004). A study by Schuring and Redfield suggested 
that rolling resistance contributes one-third of energy consumption of a heavy vehicle engine. 
Studies have indicated a linear relationship between fuel consumption and rolling resistance 
(Schuring and Redfield, 1982).  
Sandberg conducted tests on a rolling resistance drum on approximately 100 car tires to 
develop and study the measurement methods, mechanisms that generate rolling resistance, and 
influence of rolling resistance of various tire and road parameters (Sandberg, 2011). The drum had 




dressing with 11 mm chips. The rolling resistance measurements were obtained at three different 
vehicle speeds; 80, 100, and 120 km/hr. The rolling resistance was generated due to the interaction 
between tire and road surface including the deeper parts of wearing course and the base layer. The 
coefficient of the term in regression that linked texture to speed was statistically zero as observed 
from the multiple regression analysis suggesting an insignificant relationship between the texture 
and vehicle speed. Figure 12 presents the relationship between speed and Rolling Resistance 
Coefficient (RRC). 
 
Figure 12. Speed versus RRC (Sandberg, 2011) 
 
Chupin et al. studied the effect of viscoelastic properties on structure-induced rolling 
resistance (SRR). The structure-induced dissipation was obtained using a structure-induced power 
dissipation model (Chupin et al., 2013). The effect of both temperature and vehicle speed was 
considered without taking into account the effect of texture and smoothness. The SSR was 




of high temperature (40°C) and heavier trucks at 20m/s, SSR was observed to be less than 0.5 
percent of the total energy available in the fuel, which suggests that based on the viscoelasticity, 
the value may reach up to 1-2 percent when the pavement structure is thin, trucks are heavy, and 
speeds are slow. The effect is estimated to be about 30 times less for the passenger cars. 
The rolling resistance of 11 different road surfaces were measured in Denmark and Sweden 
over five years using the TUG trailer (Sandberg et al., 2011). The test was conducted at 80 km/hr. 
and the macrotexture (MPD) data were plotted against the rolling resistance as regression 
diagrams. The rolling resistance of the exposed aggregate cement concrete (EACC) was observed 
to fall on the same trend line as of asphalt concrete which suggested that the pavement type has 
less influence on rolling resistance. Additional tests conducted at varying speeds (50 and 80 
km/hr.) suggested that the vehicle speed has very less impact on rolling resistance of the pavement. 
However, differences in temperature, tire pressure, and tire temperatures were observed to have 
impact in the rolling resistance. The concrete pavement was observed to have slightly less rolling 
resistance compared to asphalt pavement. Table 5 presents the rolling resistance data for EACC 
and stone matrix asphalt (SMA). The texture range of 20 to 500 mm was observed to have impact 
on the rolling resistance; this range included all of the mega texture range and the rougher 
macrotexture. The data were invalid below 20 mm of texture due to enveloping procedure used to 
analyze the data. Figure 13 presents the relationship between texture and rolling resistance. 
Table 5. Comparison between a Cement and a Stone Mastic Asphalt Surface (Sandberg et al., 
2011) 
Tested Surface Averaged RRC for three tires MPD (mm) IRI (m/km) 
EACC 0/16 0.0013 0.55 1.2 






Figure 13. Texture Wavelength versus fit with Enveloping at 80 km/h (Sandberg et al., 2011) 
 
Jamieson and Cenek studied the effect of pavement construction on truck fuel consumption 
(Jamieson and Cenek, 2004). Steady state torque method, which measures the driving torque along 
with relative wind speed and direction for the vehicles driven at steady speeds between 25 to 75 
km/hr. was used to determine component vehicular drag forces. The experiment was conducted on 
11 test sections; nine sealed and two unsealed. For each test sections, vehicles were driven at four 
different speeds in both directions. The rolling resistance between the bound and unbound sections 
varied in between 40% to 70%, with largest difference occurring for smaller tires, while the fuel 
consumption ranged between 10% to 25% (see Figure 14). The pavement deflection was observed 
to have significant impact on rolling resistance compared to pavement roughness; the ratio of 
rolling resistance due to rebound deflection and short wavelength roughness was observed to be 
3:1. The tire radius, vehicle weight and its distributions were observed to have impact on the 





Figure 14. Fuel Consumption Differences on Unsealed Roads – Effect of Amount of Loose 
Material (Jamieson and Cenek, 2004) 
 
 VEHICLE FUEL ECONOMY 
The study by Zaniewski et al. in 1982 was one of the first studies that determined the effect of 
vehicle operational and roadway variables on fuel consumption and vehicle operating costs. The 
fuel consumption was observed to be insignificant of the condition of paved roads while the 
consumption on unpaved sections was quite high than that on the paved sections. For example, the 
average fuel economy for a pickup truck at a speed of 50 mph was observed to be 17.82 mpg for 
PCC pavements and 14.62 mpg for gravel road (Zaniewski et al., 1982). Since then, various 
researchers have studied the impact of pavement type on vehicle fuel consumption; however, most 
of the studies are concentrated on fuel consumption differences between asphalt and rigid 





Pavement roughness and pavement deflection induce rolling resistance force in a pavement 
which contributes to the vehicle fuel consumption. The pavement’s resistive force represents the 
pavement dynamic response through Benkelman beam rebound deflection parameter (DEF), 
which at the present time is tested using Falling Weight Deflectomer (FWD), and the rolling 
resistance force represents pavement roughness through International Roughness Index (IRI) 
(Akbarian, 2012). Today, the vehicular fuel consumption is estimated using the mechanistic 
models, which used to be predicted using empirical data, experimental studies and empirical 
models in the past. The early empirical formulation for fuel consumption is expressed in Equation 
4, which principally related fuel consumption with vehicle speed (Greenwood and Bennett, 2003).  
                                 FC = a0 +a1/S + a2 S2 + a3 RISE + a4 FALL + a5 IRI                      (2.7) 
Where, 
  FC is the fuel consumption in L/1000 km  
  S is the vehicle speed in km/h  
  IRI is the roughness in IRI m/km  
  RISE is the rise of the road in m/km  
  FALL is the fall of the road in m/km  
a0 to a4 are constants (a0 is related to rolling resistance, a1 is related to the idle fuel 
consumption rate, a2 is related to the aerodynamic resistance, a3 is related to the gravitational 
resistance, and a4 is related to the acceleration). 
Based on mechanistic fuel consumption models (ARRB ARFCOM), Greenwood and 
Bennett developed a HDM-4 fuel consumption mechanistic model to estimate the Instantaneous 
Fuel Consumption. The mechanistic formulation derived is expressed in Equation 5 (Greenwood 
and Bennett, 2003). 





α is the idle fuel rate in mL/s  
β is the engine efficiency factor in mL/kJ  
  Ptr is the tractive power in kW  
  Peng is the power to overcome engine drag in kW  
  Paccs is the power to drive engine accessories in kW  
  edt is the drivetrain efficiency 
The traction power is a function of gradient, inertial, curvature, aerodynamic and rolling 
resistance forces. The rolling resistance force which have great influence on fuel consumption 
represents the pavement deflection and pavement roughness as discussed earlier. 
Zaabar and Chatti studied the effect of pavement type and surface texture on fuel 
consumption (Zaabar and Chatti, 2011). They compared the fuel consumption of concrete and 
asphalt pavements with similar grade, roughness and texture. The experimental program was 
conducted at five different locations for five instrumented vehicles (medium car, SUV, van, light 
truck, and articulated truck) and at three different speeds (35 mph, 45 mph, and 55 mph). The IRI 
on the pavements ranged between 0.8 and 6.0 m/km for AC pavements and 0.8 and 2.5 m/km for 
PCC pavements, while the texture ranged from 0.23 to 1.96 mm on the AC pavements and 0.23 to 
2.7 mm on PCC pavements. An instrument that could access the log data instantaneously from the 
vehicles engine control unit was used to obtain the fuel consumption data.  The fuel consumption 
in AC pavement was observed to be about 4% higher than in PCC pavement for light and heavy 
trucks at low speed of 56 km/h during summer, while the difference was statistically insignificant 
at higher speed and other vehicle types (passenger car, van and SUV) for both summer and winter 




1.6% for articulated trucks to 0.2% for passenger cars was observed when the texture depth was 
increase by a factor of 6, while the difference was insignificant at higher speed. Figure 15 presents 
the effect observed in fuel consumption due to surface texture. 
 
Figure 15. Effect of Surface Texture on Fuel Consumption (Zaabar and Chatti, 2011) 
 
Ardekani et al. considered the effect of surface material type, surface roughness, 
longitudinal gradient, and location of pavement sections to investigate the difference in fuel 
consumption on an AC pavement versus PCC pavement during city driving conditions; all other 
factors such as vehicle mass, tire pressure, fuel type, temperature, humidity, and wind speed were 
either controlled or kept the same (Ardekani et al., 2009). The difference in fuel consumption was 
observed to be statistically significant at 10% level of significance, with AC pavements consuming 
higher amount of fuel per unit distance regardless of the test section, driving mode and surface 
condition. This will result in significant savings or cost in fuel consumed over the design life of a 




In one of the test sections, at a constant speed of 30 mph, the lower fuel rates on PCC pavements 
was observed to save 177 million gallons of fuel annually and reduce CO2 by about 0.62 million 
metric tons, which correspond to a savings of about $365 million per year. Table 6 presents the 
fuel consumption measurements obtained using instrumented vehicle driven over two types of 
pavement surfaces (PCC and AC) under two driving modes (constant speed and acceleration). 
Table 6. Average Fuel Consumption Rates for PCC versus AC Sections (Ardekani et al., 2009) 
Pavement Average Fuel Consumption (10
-3 







Wind: 7 mph W 
Engine: Warm 
PCC, Acceleration 236.4 
Tire Pressure: 50 psi 
Tank Level: Full 
AC, Acceleration 
236.9 
IRI (in/mi): 174.6 (PCC) 180.6 
(AC) 
  Longitudinal Slope: + 1.2% 
 
Ullidtz et al. evaluated a hysteresis loop, to calculate the energy losses under a heavy 
Falling Weight Deflectometer (Ullidtz et al., 2010). The test was conducted on a normal highway 
pavement, two high-modulus asphalt pavements, and a pavement with a cement-treated base layers 
with three drop heights correlating to pressure of 30, 50 and 70 kN. They suggested that the rolling 
resistance might be 35% less on a cement-treated base compared to a normal asphalt pavement. 
The energy loss measured in the test sections is presented in Table 7. The rolling resistance was 
measured at speed of 50 and 80 km/hr. using two different tires on the equipment. The study 
suggested that the deflection of a pavement affected the rolling resistance by at most 4% and even 




Table 7. Energy Loss Measured with FWD on Four Pavements (Ullidtz et al., 2010) 
Section δ (50 kN) Energy loss (J) Rolling resistance (N) Coefficient 
HM2 150 4.2 14 0.00028 
HM1 183 4.7 15.5 0.00031 
CTB 140 3.6 12.2 0.000243 
Normal 233 5.7 18.9 0.000378 
 
Thom, Lu and Parry studied the effect of pavement stiffness on energy dissipation using a 
finite element approach. A 3D model was constructed using ABAQUS in which the passage of a 
load was simulated along a 26m long and 10m thick road section (Thom et al., 2010). Layers 2 
and 3 represented strong and weak cement bound layers and were assigned the stiffness moduli of 
7000Mpa and 2400Mpa. The stiffness of asphalt layer was varied between 1500Mpa and 
11000Mpa and the stiffness of subgrade was varied between 20Mpa and 150Mpa. Though the 
loading simulated in ABAQUS was different than the FWD loading, FWD loading was used to 
validate the model; the ability of the model to deal with inertial effects was considered. The vehicle 
speed was observed only to have a secondary effect on fuel consumption and the effect of vehicle 
load was observed to be non-linear. The effect of asphalt modulus on fuel economy was observed 
to be significant; asphalt layers with stiffness modulus of about 2000Mpa and 10000Mpa would 
result in energy loss of about 4.5J/m and 1.7J/m respectively per 40kN wheel. However, the effect 
of subgrade modulus was observed to be insignificant as presented in Figure 16. A hypothesized 
concrete surface with stiffness of about 40000Mpa, would result in energy loss of about 1J/m. 
Energy dissipated within a pavement due to surface deflection between pavements with upper 
layer stiffness representing concrete and asphalt pavements was observed to be lower by a factor 




It can be concluded that the fuel energy loss through deflection in concrete pavement is 
much less when the calculated energy loss from concrete pavement (350MJ/m) and asphalt 
pavement (900MJ/m) are compared to the embedded energy (2643 and 2500 MJ/m for concrete 
and asphalt pavements); the fuel energy loss would be highly significant for heavily trafficked 
lanes, approaching 10000 commercial vehicles per day. The limitation of the study is that it only 
assessed how pavement stiffness affects the rolling resistance; pavement thickness, texture and 
smoothness were not included in the study to determine if stiffness was a primary or secondary 
effect based on this type of modelling. Large proportional energy losses was observed due to 
surface stiffness; however, the true affect is dependent upon traffic level. 
 
Figure 16. Stiffness versus Energy Loss (Thom et al., 2010) 
 
The fuel consumption for a semi-trailer tank truck in asphalt and composite pavements at 
100 km/hr. was observed to be higher than in concrete pavements by 4.1-4.9% and 2.7-3.2%; the 
range increasing to 5.6-6.9% and 3.6-4.6% at 60km/hr. (Taylor, 2002). The fuel consumption for 




consumption increased from 35.8L/100km to 42.8L/100km when the temperature was decreased 
from 35°C to 10°C, while this difference being statistically significant for composite and asphalt 
pavements. A multivariate linear regression analysis was used to investigate the effect of vehicle 
load, pavement temperature, IRI, and vehicle speed on fuel consumption. The impact of pavement 
type cannot be detected on a pavement with an IRI of over 139 in/mi (2.2 m/km) due to the 
momentum effects caused by higher roughness. 
Another study by Taylor and Patten determined the fuel consumption difference on 
concrete, asphalt and composite pavements for five different climatic conditions (winter, summer 
cool, summer hot, and fall) at speed of 100 km/hr. and 60 km/hr. (Taylor and Patten, 2006). The 
difference was observed for semi-trailer truck and a passenger car at tree weight classes to observe 
the impact of vehicle weight. Unlike the previous study, this study employed a multiple regression 
analysis to relate fuel consumption to IRI, grade, load, pavement temperature and vehicle speed. 
The fuel savings on concrete pavement at a vehicular speed of 100km/hr. ranged from 0.4-0.7 
L/100km and 0.2-1.5L/100km compared to the asphalt and composite pavements respectively; the 
range being higher at lower speed and increased loading. The fuel savings for empty trailer 
travelling on concrete pavement at a vehicular speed of 60 km/hr. ranged from 0.4-0.5 L/100km 
and 1.1-1.9L/100km compared to the asphalt and composite pavements respectively. The fuel 
savings for full trailer travelling on concrete pavement at a vehicular speed of 60 km/hr. ranged 
from 0.2-0.4 L/100km and 0.6-1.4L/100km compared to the asphalt and composite pavements 
respectively. 
A brief literature review was conducted by Willis et al. to study the impact of pavement 
type and pavement properties such as texture, smoothness and stiffness on vehicular rolling 




rolling resistance and could change the rolling resistance by 5 to 10 percent. It must be noted that 
speed and texture are not correlated in pavement-vehicle interaction. Every studies analyzing the 
effect of smoothness on rolling resistance suggest that pavement rolling resistance decrease with 
increasing surface smoothness; a study in Missouri concluded that a reduction in IRI from 130 to 
60 in/mile could save 2.46 percent fuel. While the effect of pavement texture and smoothness on 
rolling resistance have been well-established, the studies on impact of pavement stiffness on 
rolling resistance has been inconsistent. Though, multiple studies suggest that rolling resistance is 
lower in concrete pavements compared to asphalt pavements in either high temperature or heavily 
loaded situations, some other studies suggest that this may not always be the case. No any study 
has investigated the simultaneous effect of pavement texture, stiffness and smoothness on rolling 
resistance (Bendtsen, 2004). 
Bienvenu and Jiao compared the fuel consumption of passenger cars and tractor trailers in 
rigid and asphalt pavements (Bienvenu and Jiao, 2013). The asphalt pavement included 0.75 inch 
OGFC, 5 inches of lime rock base over 12 inch thick stabilized subgrade. The concrete pavement 
consisted of 13 inches of JPCP and 1 in of asphalt concrete over 4 inches of asphalt-treated base. 
The respective IRI of asphalt and concrete pavements were measured to be 48 and 46 in/mile. The 
on-board data collection capability of the vehicles was used to record the instantaneous gas 
consumption. The study suggested that the passenger car and tractor trailers were respectively 3.2 
and 4.5 percent more efficient on concrete pavements compared to asphalt pavements. Table 8 and 







Table 8. Comparison Results from Monthly Data Collection for Passenger Vehicle (Bienvenu 
and Jiao, 2013) 















11/23/2012 62 F/11 mph NW 1.5 4.5 0.13 4.3 
12/12/2012 76 F/6 mph S 1 2.8 0.078 2.8 
1/13/2013 72 F/11 mph SE 1.3 4.2 0.131 4 
2/27/2013 68 F/4 mph W 1.1 3.8 0.124 3.7 
3/9/2013 49 F/ 4 mph NNW 0.6 2.1 0.072 2 
4/18/2013 79 F/10 mph WSW 1 3.4 0.109 3.2 
5/10/2013 80 F/10 mph SW 1 3.4 0.11 3.2 
6/13/2013 84 F/4 mph E 0.8 2.5 0.08 2.5 
Overall 
Average - 1 3.3 0.104 3.2 
 
Table 9. Comparison Results from Monthly Data Collection for Tractor-Trailer (Bienvenu and 


















5/10/2013 84 F/9 mph SE 0.31 3.8 0.53 4.1 
6/15/2013 84 F/13 mph SE 0.33 4.5 0.68 4.7 
1/13/2013 82 F/6 mph E 0.3 4.1 0.63 4.5 
Overall 
Average  0.31 4.1 0.61 4.5 
  
Beuving et al. conclude that (1) the asphalt pavements consume less energy and emit less 
greenhouse gas during construction, maintenance and operation of roads compared to rigid 




trucks at a constant speed of 80km/hr. and represent approximately 30% of the available 
mechanical energy from the engine, (3) surface texture may influence fuel consumption for 
passenger cars by up to 10% and asphalt and concrete surface does not show significant difference 
in fuel consumption, and (4) the structural behavior (viscoelasticity) of asphalt and concrete 
pavement does not significantly influence the fuel consumption; annually about 0.05% extra fuel 
consumption may exist for trucks driving on asphalt pavements (Beuving et al., 2004). 
A study was conducted to calibrate the HDM-4 fuel consumption model with the field 
measurement data measured and recorded by passenger car and commercial truck travelling on 
flexible and rigid pavement along I-95 in Florida (Bienvenu and Jiao, 2015). The authors also 
compared the fuel consumption of passenger cars and tractor trailers in rigid and asphalt pavements 
using the statistical approach. Finally, the effect of wind speed in vehicle fuel consumption and 
aerodynamic resistance was studied. The asphalt pavement included 8.5 inch of SP 12.5 structural 
layer over 12 inch thick type-B stabilized subgrade. The concrete pavement consisted of 13 inches 
of JPCP and 4 inches of asphalt-treated base. The respective IRI of asphalt and concrete pavements 
were measured to be 48 and 46 in/mile. The on-board data collection capability of the vehicles was 
used to record the instantaneous gas consumption. The difference in fuel consumption between 
rigid and flexible pavements was observed to be 1.57% for northbound and 6.42% for southbound 
with and overall average difference of 4.04% for commercial truck, while the difference was 
1.35% for northbound and 3.83% for southbound with overall average difference of 2.24% for 
passenger car. The calibration results indicate that HDM-4 fuel consumption model can be 
adequately applied to predict the vehicular fuel consumption for trucks for a specific roadway and 
environmental conditions. However, the model needs to be adjusted by using the calibrated 




flexible pavement is presented in Figure 17. The resulting R square value for the two regression 
tests for flexible and rigid pavements were observed to be 55.34% and 53.83% respectively. 
 
Figure 17. Linear Relationships of Relative Wind Speed and Truck Fuel Consumption on 
Flexible Pavement (Bienvenu and Jiao, 2015) 
 
The difference in fuel consumption in asphalt and concrete pavements was investigated by 
the Swedish National Road and Transport Research Institute (VTI) in 2008 (Jonsson and Hultqvist, 
2008). The measuring vehicle recorded time, speed, road distance, fuel consumption, and fuel 
temperature keeping the vehicle weight constant throughout the measurement. The properties of 
four pavements where measurements were recorded are presented in Table 10. The fuel 
consumption in concrete pavement was observed to be less by 1.1 percent than the fuel 
consumption in asphalt pavement; the range would lie between 0.5 and 1.7 percent at 95 percent 
confidence interval. The average fuel consumption in concrete and asphalt pavement is presented 
in Table 11. Furthermore, the study assessed the fuel consumption of a heavy vehicle weighing 
about 60 tons at a constant speed of 80 km/h. In this case, the asphalt pavement was observed to 




Table 10. Surface Characteristics (Jonsson and Hultqvist, 2008) 
Parameter Concrete North Concrete South Asphalt North Asphalt South 
Rut Depth (mm) 2.4 2.6 3.2 3.1 
IRI (mm/m) 1.22 1.17 0.79 0.67 
MPD (mm) 0.48 0.51 0.99 0.86 
Gradient (%) -0.27 0.43 -0.28 0.44 
 
Table 11. Average Fuel Consumption (Jonsson and Hultqvist, 2008) 
Fuel Consumption Asphalt Concrete 
Average (g/m) 0.0597 0.0591 
Standard Deviation 0.0039 0.0041 
Average (I/10 km) 0.807 0.798 
 
The effect of pavement structural response in excess fuel consumption (EFCs) was studied 
by comparing with the pavement with no structural response (Harvey et al., 2016). The structural 
response was defined as the consumption of energy due to deformation of pavement materials, 
including delayed deformation due to viscoelasticity and damping. Authors also studied the 
influence of pavement roughness and macrotexture on EFC. Three models were considered in 
calculating the EFC for 17 asphalt pavement sections with different structure types that were 
characterized for their viscoelastic properties. The three models include, (1) model developed at 
Oregon State University (OSU) that use finite element method (FEM) to calculate dissipated 
energy in pavement, (2) model developed at MSU by Zaabar and Chatti that uses axisymmetric 
FEM and calculates energy dissipated by wheel at the bottom of the basin pushing against the side, 
and (3) model developed by Louhghalam et al. at MIT that models a wheel moving along a beam 
and calculates energy dissipated by the moving wheel on the slope of beam. The estimate of EFC 
was lowest with the MIT model (0.02 – 0.61 ml/km/vehicle), highest with the MSU model (0.04 




18). The estimate of EFC ranged from 0.14 to 3.20 ml/km/vehicle for a pavement with combination 
of roughness (IRI) and macrotexture (MPD) compared to an ideal pavement with IRI of 38 in/mile 
and MPD of 0.55; the effect of roughness being 10 times more than that of MPD. The effect of IRI 
and MPD was greater by 6 time, 4 times, and 3 times with MIT, OSU, and MSU models 
respectively compared to the structural response of the pavement. The effect of IRI and MPD on 
EFCs can be observed in Figure 19 (*PD01-PD23 represent the pavement sections analyzed). For 
the 17 sections analyzed for structural response within the factorial of climatic regions, MIT model 
ranked the pavement types (composite, flexible, semi-rigid) as 1, 2, and 3 in terms of best to worst, 
while OSU and MSU ranked them 3, 2, and 1. The summary of EFCs estimate due to structural 
response, IRI and MPD is presented in Table 12. 
 
Figure 18. Average EFC Structural Response Simulation Results by Section (avg ml/km/veh 






Figure 19. Average Roughness, Macrotexture and Combined Roughness and Macrotexture 
Simulation Results Relative to 38 in/mi and 0.5 2 mm by Section (avg ml/km/veh EFC) across 
Traffic and Climate Factorial (Harvey et al., 2016) 
 
Table 12. Descriptive Statistics for EFC Results across Full Factorial of Test Sections, Climate 
Regions, Traffic Levels, Percent of Trucks and Traffic Speed Regimes (Harvey et al., 2016) 
Statistic 
Structural Response EFCs1 (mL/km/veh) EFCIRI and 
EFCMPD2,3 
(mL/km/veh) MIT MSU OSU/Lyon 
Minimum 0.02 0.04 0.03 0.14 
Average 0.12 0.28 0.18 0.85 
Maximum 0.61 0.92 0.48 3.2 
1relative to no structural response, 2relative to IRI = 38 in/mile and MPD = 0.5 mm, 3sections analyzed for EFCs 
only. 
 FINITE ELEMENT METHOD AND ABAQUS  
The ABAQUS finite element system includes (ABAQUS theory manual, 2011): 
 Abaqus/Standard, a general-purpose finite element program; 
 Abaqus/Explicit, an explicit dynamics finite element program; 




analyses, monitor and diagnose jobs, and evaluate results; and 
 Abaqus/Viewer, a subset of Abaqus/CAE that contains only the post processing capabilities of 
the Visualization module. 
The commercial software ABAQUS CAE was used for FE modeling for this project. 
Abaqus/CAE is a complete Abaqus environment that provides a simple, consistent interface for 
creating, submitting, monitoring, and evaluating results from Abaqus/Standard and 
Abaqus/Explicit simulations (Abaqus 6.13, 2013). The various modules of Abaqus/CAE include; 
 Part, to create individual parts by sketching or importing the geometry, 
 Property, to create sections and material definitions and assign them to regions of parts, 
 Assembly, to create and assemble part instances, 
 Step, to create and define the analysis steps and associated output requests, 
 Interaction, to specify the interactions between the regions, 
 Load, to specify loads, boundary conditions and fields, 
 Mesh, to create and finish element mesh, 
 Optimization, to create and configure an optimization task, 
 Job, to submit a job for analysis and monitor the progress, 
 Visualization, to view analysis results and selected model data, and 
 Sketch, to create two-dimensional sketches. 
2.4.1 Analysis Step and Interaction 
The term step in Abaqus refers to the specific procedure to analyze a job; it provides a convenient 
way to capture changes in the loading and boundary conditions of the model, changes the ways of 
interaction between the parts, and allows to change the analysis procedure, data output, and various 




step; the initial step allows to define the boundary conditions, predefined fields, and interactions 
that are applicable at the very beginning of the analyses, and the analyses step allows to perform 
the required type of analysis. 
The interaction module allows to define and manage mechanical and thermal interactions 
between the parts or between a parts of a model and surrounding. This module can be used to 
define various objects such as contact interactions, elastic foundations, cavity radiation, pressure 
penetration, acoustic impedance, inertia, springs and dashpots, and others. A surface-to-surface 
contact interaction was used in the developed model for the project. This interaction defines the 
contact between two deformable surfaces or between the deformable or rigid surface. The elastic 
foundation type of interaction was used for the subgrade surface; this allows to model the stiffness 
effects of a distributed support on a surface without actually modeling the surface (Abaqus, 2013). 
2.4.2 Load and Boundary Condition 
The load module allows to define and manage loads, boundary conditions, predefined fields and 
load cases. Different load types namely, concentrated force, moment, general and shear surface 
traction, general shell edge load, inertia relief, and current density can be defined on the analysis 
step/s. The amplitude toolset in load module can be used to specify complicated time or frequency 
dependencies that can be applied to prescribed conditions (Abaqus, 2013). The various boundary 
conditions include, (1) symmetry/antisymmetric/encastre, (2) displacement/rotation, (3) 
velocity/angular velocity, (4) acceleration/rotational acceleration, (5) eulerain mesh motion, and 
(6) magnetic vector potential. The displacement/rotation boundary condition which constrain the 






The element library of Abaqus provides a complete geometric modeling capability and includes 
continuum elements, infinite elements, membrane and truss elements, beam elements, shell 
elements, connector elements (springs and dashpots), special-purpose elements, and contact 
elements (Abaqus, 2011). The continuum and spring elements which are used in the FE model are 
discussed hereunder. 
2.4.3.1 Continuum Elements 
The continuum elements are the standard volume elements of Abaqus and can be composed of a 
single homogeneous material or, in Abaqus/Standard, can include several layers of different 
materials to analyze composite solids (Abaqus, 2013). The continuum elements, particularly 
quadrilaterals and hexahedra are more accurate if not distorted while triangular and tetrahedral 
elements are less sensitive to distortion. These elements are mainly used for linear analysis and 
complex nonlinear analysis involving contact, plasticity, and large deformations. The continuum 
elements can be of (1) first order (linear) or second order (quadratic) interpolation elements in one, 
two, or three dimensions, (2) full or reduced integration; the reduced integration reduces running 
time, especially in three dimensions. C3D8R continuum elements which are 8 node reduced 
integration linear brick elements with hourglass control were assigned to the mesh of the developed 
FE model; the hourglass control prevents the elements from excessive distortion. 
2.4.3.2 Spring Elements 
The major attributes of spring elements in Abaqus are: 
 can couple a force with a relative displacement, 
 can couple a moment with a relative rotation in Abaqus/Standard, 




 can be dependent on temperature and field variable, and 
 can be used to assign a structural damping factor to form the imaginary part of spring stiffness. 
Three types of spring elements namely SPRING1, SPRING2, and SPRINGA are available 
in Abaqus; SPRING1 can be used to connect nodes and ground acting in fixed direction, SPRING2 
can be used to connect a node with another acting in fixed direction, and SPRINGA elements can 
be used to connect two nodes with its line of action being the line joining the two nodes, so that 






















3. MECHANICAL ANALYSIS 
 INTRODUCTION 
The oldest method to simulate flexible pavement response to vehicular loading was developed by 
Boussinesq in 1885 (Boussinesq, 1885), which provided a closed form solution to calculate 
stresses, strains, and deflections for a homogeneous, isotropic, linear elastic semi-infinite space 
under a point load. Since then, various layered theories and computer programs have been 
developed to calculate pavement responses to loading for single and multi-layered systems. Some 
effective software programs to solve a layered system problem include VESYS (1977-1988), ILLI-
PAVE (1980), ELSYM5 (1985), KENLAYER (1993), CIRCLY4 (1994), BISAR (1973-1998), 
and VEROAD (1993-1999). However, these software are incapable to predict the actual pavement 
responses as various factors such as the frequency, contact conditions, and speed of the loading, 
the environmental conditions, boundary conditions, material properties, and interaction between 
the layers are usually neglected. 
The Finite Element (FE) technique can effectively simulate almost all pavement controlling 
parameters such as dynamic loading, material properties, viscoelastic and non-linear elastic 
behavior, interaction between the layers, damping, infinite and stiff foundations, quasi-static 
analysis, and many more. The use of FE technique to simulate flexible pavement dates back to 
1993 when Zaghloul and White effectively investigated the effect of load speed and HMA 
properties in rut depth (Zaghloul and White, 1993). The following year, Uddin et al. investigated 
the effect of discontinuities on pavement responses using FE techniques (Uddin et al. 1994). In 
1999, Shoukry et al. used a 3D FE model to back-calculate the layer moduli of flexible pavements 
and observed that the solution of pavement response problem using FE technique does not require 




The level of accuracy of pavement responses in 3D FE models depends on different factors, 
including the degree of refinement of the mesh (element dimensions), the order of the elements 
(higher order elements usually improve the accuracy), location of the evaluation (results are more 
accurate at the Gauss points), appropriate selection of the boundary conditions and the load 
discretization process. The present study used a commercial software ABAQUS CAE, which is an 
interactive environment used to create finite element models, assign loading and boundary 
conditions, submit and monitor ABAQUS jobs, and evaluate results. The ABAQUS model 
contains different kinds of objects namely, parts, materials and sections, assembly, sets and 
surfaces, steps, loads, boundary conditions, and fields, interaction and their properties, and meshes. 
 THE FINITE ELEMENT METHOD 
3.2.1 Model Formulation 
The finite element method can be implemented to solve steady or transient problems in linear and 
nonlinear regions for one, two, or three dimensional domains. The FE technique uses a simple 
approximation of unknown variables to transform partial differential equations into algebraic 
equations (Dhatt et al., 2012). The eight basic procedures of formulation and application of finite 
element method include; 
 Discretization of structure into a suitable number of small ‘Elements,’ called finite elements. 
 Selection of approximation models for the unknown quantities, which can be displacements, 
stresses, or temperatures in heat flow problems. 
 Definition of element behavior equations, which can be derived using energy methods as 
follows: 
                                                     [k] {q} = {Q}                                                            (3.1) 






[k] = element stiffness matrix, with size n x n, where n is the number of the degree of freedoms 
of the formulated problem; 
{q} = a vector of nodal displacements; and 
{Q} = a vector of nodal forces. 
 Assembly of the element equations and definition of boundary conditions, from which the 
equations describing the behavior of the entire problem can be obtained. 
 Solving the nodal displacements, by solving the set of linear simultaneous equations presented 
by equation. 
 Calculation of other functions of interests from nodal displacements, such as stresses, 
moments, and shear forces based on the assumed constitutive equations. 
 Interpretation of the results, mesh refinement is decided (if necessary) to obtain the required 
level of accuracy. 
3.2.2 Finite Element Method Application in Pavement Analysis 
Multi-layered pavement structures can be analyzed using three different kinds of FE approaches; 
plain strain, axisymmetric, and three-dimensional. 
3.2.2.1 Plane-Strain Approach 
The plane-strain approach (2-D) approach cannot accurately simulate the actual traffic loadings, 
as line load is used to represent the loading, see Figure 20. However, this approach is widely used 
as it requires relatively little computational time and memory (Lytton et al., 1993). The third 
dimension of the pavement structure is assumed to have a constant curvature with respect to the 
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Figure 20. Traffic loading for 2-D Plane-Strain Models (Cho et al, 1996) 
 
3.2.2.2 Axisymmetric Approach 
The axisymmetric approach assumes constant properties of the pavement structure on horizontal 
planes and considers that the 3D structure is mathematically reduced to a 2D structure (Cho et al 
1996, Elseifi 2003). This approach uses a cylindrical coordinate system to solve a 3D problem 
with a 2D formulation as presented in Figure 21. The limitation of this approach is that the 
problems due to dual tire configuration could not be studied as the load can only be modeled as a 
single circular load. In addition, the shoulder conditions and discontinuities in the pavement cannot 
be modeled using the axisymmetric approach (Cho et al, 1996). 
 




3.2.2.3 Three-Dimensional Approach 
The three dimensional approach can accurately model the pavement structure and loading pattern. 
The shoulder conditions, discontinuities in the pavement, boundary conditions and the foundation 
can be accurately input in the 3-D approach using special elements such as spring or pressure 
elements (Cho et al, 1996). The limitations of this approach is the requirement of longer 
computational time and memory, and data preparation for the complex pavement structure. The 
level of accuracy of pavement responses in 3D FE models depends on different factors, such as 
degree of refinement of the mesh (element dimensions), the order of the elements (higher order 
elements usually improve the accuracy), location of the evaluation (results are more accurate at 
the Gauss points), appropriate selection of the boundary conditions and the load discretization 
process. The traffic loading pattern in 3-D approach is presented in Figure 22. 
 
Figure 22. Traffic Loading in 3-D Models (Cho et al, 1996) 
 
 MODELING PROCESS 
A commercial software ABAQUS CAE 6.13 was used for FE modeling of the pavement structure. 
Figure 23 presents the general layout of the developed FE models. The three dimensional 




ground. Three models were constructed to simulate three typical pavement designs for low volume, 
medium volume, and high volume traffic. The thickness of wearing course, binder course, base 
layer, and subbase course used in the simulation is presented in Table 13. The fuel consumption 
excess was calculated for five different surface mixes (see Table 14) for the medium traffic volume 
flexible pavement at three different traffic speeds. The dimensions of the developed models (i.e. 
1304mm x 2500mm) were selected such that any edge-effect errors would be minimized and 
elements’ sizes are retained within the acceptable limits.  
 Table 13. Layer Thickness for Flexible Pavements 
Traffic 
Asphaltic concrete (mm) 
Sub-base Course (mm) 
Wearing course Binder course Base course 
Low 38 50.8 NA 216 
Medium 50.8 101.6 NA 216 
High 50.8 101.6 152.4 216 
 
Table 14. Description of the Evaluated Mixes (Elseifi et al., 2012) 
Mixture 
Abbreviation Description 
64CO Conventional HMA mixture with PG 64-22 
70CO Conventional HMA mixture with Styrene-Butadiene Styrene Polymer-
Modified PG 70-22 
76CO Conventional HMA mixture with Styrene-Butadiene Styrene Polymer-
Modified PG 76-22 
76RAP15 HMA mixture with Styrene-Butadiene Styrene Polymer Modified PG 76-
22 and 15% RAP 








Figure 23. General Layout of FE Model 
3.3.1 Step and increment 
Two analysis steps, static and visco, were created to generate two stages in the simulation analysis. 
The static step allows the vertical pressure to act upon the starting zone and avoid the influence of 
oscillation and energy waves.  Then, a visco step was constructed to perform a quasi-static 
nonlinear analysis. The increment divides the total time period of the visco step based on the 
vehicle speed and can be fixed time incrementation or calculated by ABAQUS automatically. The 
incrementation of visco step was fixed in a given simulation but it was varied depending upon the 
traffic speeds. Increment times of 0.01, 0.003, 0.002, 0.0015, 0.0012 seconds were used to 







A relatively fine mesh was used around the load to give an optimal accuracy to the model.  C3D8R 
elements, which are 8-node linear brick elements with reduced integration, were used to improve 
the rate of convergence and reduce calculation time and the thickness of the elements were varied, 
depending on the pavement layers. The integration point of these elements are located in the middle 
of the element, requiring small elements to capture a stress concentration at the boundary of the 
structure as shown in Figure 24, requiring small elements to capture a stress concentration at the 
boundary of the structure. These elements use linear interpolation in each direction and are often 
called as linear elements or first-order elements. All layers were partitioned with the same shape 
to avoid any interaction complexity between the consecutive layers. The structure was meshed 
with larger element size on the surrounding and smaller elements near the tire pavement contact 
zone to obtain accurate solution and to reduce calculation time. The completed job does not include 
any warning or error element indicating the solution to be sufficiently accurate. Figure 25 presents 
the general mesh of the FE model. 
      
   
  
    
 
   
 














Figure 25. General Mesh of the FE Model 
 
3.3.3 Load and Boundary Conditions 
A dual-tire assembly was considered to simulate the vehicular loading. In contrast to the layered 
theory, which assumes a circular area of load application, the developed FE model incorporated 
the exact geometry of the loading area and the appropriate pressure conditions on each tire tread. 
The model boundary in X and Y coordinates was restrained to displacement and rotation in all 
directions; which signifies that all degrees of freedom at the boundary nodes were equal to zero. 
The dimensions and shape of the tire assembly are presented in Figure 3. The dimensions and 
shapes of dual tire was obtained from published studies at a nominal pressure of 720 kPa (Al-Qadi 
et. al., 2005). Rectangular contact areas were defined to accurately simulate the tire movement 
over the pavement surface. The actual contact area assumed a rectangular shape with a constant 
ratio between the width and length (Huang, 1993). The movement of the tire was simulated by 
assuming the quasi static approach, where the loading area and amplitude are gradually shifted 
over the fine mesh of the loading track. The movement of the tire over the entire length of model 


















Figure 27. (a) Tire Footprint of Dual Tire Assembly; (b) Modeled Contact Area for Dual-Tire 
















The subgrade’s stiffness effects and support to the pavement structure was simulated by the elastic 
element foundations which act as springs to the grounds. The modulus of the subgrade reaction 
was back calculated from the Falling Weight Deflectometer (FWD) testing results and was 
assumed to be 175 N/cm3, which corresponds to a medium resistance of the subgrade. A full 
bonding interaction with small sliding was assigned between the pavement layers with node to 
surface discretization. The typical amplitude-time curve used for the movement of the load is 
presented in Figure 28. The duration of Amplitude is Te – Ts, where Ts and Te represent the starting 
and overlapping time for the amplitude. This duration of amplitude varies with the vehicular speed. 
For example, for a vehicle speed of 30 mph (13411.2 mm/s), with the load moving 40 mm in each 
increment, the time used by the tire passing the elements is 0.003 seconds. Similarly, the time of 




























3.3.4 Material Characterization 
A viscoelastic constitutive model was used to simulate the behavior of the asphalt layers and an 
elastic constitutive model was used to simulate the granular and subgrade layers. The elastic 
properties of the granular materials and the subgrade were obtained from the results of the model 
validation where the measured and calculated stress and strains at the bottom of the HMA layer 
were compared. The viscoelastic properties of the HMA was obtained from the results of the 
laboratory tests (Elseifi et al, 2012). 
Characterization of the viscoelastic properties of HMA surface mixes was performed using 
the Asphalt Mixture Performance Tester (AMPT) in accordance to AASHTO TP-79.  The dynamic 
modulus testing was conducted at five temperatures (-10, 5, 25, and 37.8, and 54°C) and six 
frequencies (0.1, 0.5, 1, 5, 10, and 25 Hz). Dynamic modulus data from the test were shifted to a 
reference temperature of 25°C using a sigmoidal function in order to establish a master curve. The 
isotropic linear viscoelastic behavior of AC was described using a generalized Maxwell model 
(see Figure 4), which consists of a spring and n Maxwell elements connected in parallel (Al- Qadi 
et. al, 2008): 
               
                                                             G (t) = G0 + ∑  gi(1 − e
−t
τi⁄ )Ni=1                                 (3.2) 
 
Where, 
G (t) = shear relaxation modulus at time t;  
gi = material constants; and  





To fit the Maxwell equation to the sigmoidal model, a built-in module in the FE commercial 
software ABAQUS, was used. A nonlinear least squares curve fitting process was used to fit the 
variations of the normalized shear modulus with time. The viscoelastic properties of the AC mixes 
were defined at 25°C after an accurate fit was obtained using 11 to 13 Prony series as described in 
Equation 3.2.  
3.3.5  Model Validation 
Results from the FE model were compared with field stress and strain measurements at the 
Louisiana Accelerated Loading Facility. This was an essential step in the analysis such that the 
various parameters in the FE model such as boundary conditions, interaction properties, and mesh 
geometry, are calibrated to simulate field conditions. Although, the analytical solution allows the 
better manipulation of the parameters, the effectiveness of various aspects of finite element 
approach such as boundary conditions, interaction properties, and mesh can only be truly indicated 
by the field performance. Based on the available laboratory results and modeling limitations, the 
developed FE models were validated with some approximations to approach the real pavement 
conditions. 
3.3.5.1 Accelerated Loading Facility (ALF) 
The Louisiana Accelerated Loading Facility (ALF) is a comprehensive loading facility (see, Figure 
29) with a moving load assembly that can simulate the effect of traffic loading on pavement by 
applying a controlled repetitive load (King and Abadie, 1999). The constant truck wheel load is 
applied by a loading wheel that travels at a speed of about 10 mph to a loading length of 85 ft. with 
approximately 33 ft. of constant velocity loading of the wheel. The ALF facility can apply 
approximately 380 load cycles per hour and the loads can be varied from dead weight of 9,750 





Figure 29: The Louisiana Accelerated Loading Facility (Wu et al., 2012) 
 
3.3.5.2 Test Section 
This study utilized the results of Experiment III, which was designed and constructed to evaluate 
the performance of Reclaimed Asphalt Pavement (RAP), used as an aggregate interlayer between 
a cement treated base and AC layers (Mohammad et al., 2008). The test lane, 215 ft. x 13 ft., 
consisted of a RAP interlayer used in the base layer on top of a 10-in. cement stabilized subgrade 
layer. The pavement design and instrumentation plan for the test lane is presented in Figure 5. 
Strain gauges and pressure cells were embedded in the pavement section during construction. The 
load was applied using a dual tire configuration at a pressure of 105 psi and at a constant speed of 
10 mph. Table 15 presents the input parameters for ALF test section. A full bonding interaction 
with small sliding was assigned between the pavement layers with node to surface discretization. 
The slave surface was adjusted to be precisely in contact with the master surface at the beginning 





Table 15. Input Parameters for ALF Test Section Obtained from Model Validation 
Pavement Layer Elastic Modulus (MPa) Poisson's ratio 
HMA 8000 0.3 
RAP Interlayer 2000 0.3 
Base (Soil-Cement) 3300 0.35 
 
3.3.5.3 Testing Procedure and Instrument Response 
The test lanes were loaded continuously at a pressure of 105 psi with a dual 11R22.5 radial ply 
truck tire moving at a constant speed of 10 mph. Nearly 2.3 x 106 Single Axle Loads (ESALs) 
were applied over the loading process of two years and eight months. To minimize the 
environmental effects and seasonal variation between the test lanes, the loading was applied 
alternatively between the test lanes in 25,000 pass increments. Figure 30 presents a typical strain 
signals measured at the bottom of surface layer (3.5 inch) after 25,060 passes; the response was 
compressive at the beginning, then tension, and compressive again. The strain measurements were 
observed to be consistent until approximately 350,000 passes. Figure 31 presents the stress 
response at a depth of 3.5 inch; the compressive stress was mostly measured in the vertical 
direction.  
 






















Figure 31. Measured Vertical Stress at the Bottom of Surface Layer after 47,505 Passes (Elseifi, 
2009) 
 
3.3.5.4 Calculated and Measured Responses 
The FE model was validated using stress and strain measurements at bottom of the HMA layer. 
The stress and strain results during initial repetition of the load were used to validate the model. 
Figure 32 and Figure 33 illustrate the comparison of calculated and measured stress and strain 
responses due to a dual tire assembly moving at a speed of 10 mph. As shown in the figure, a good 
agreement is observed between the results of the FE model and the responses of the strain gauge 
and pressure cell. Similar to the measured response, the strain from the FE model was observed to 
be compressive at the beginning, then tension and compressive again, and the stress was 
compressive in the vertical direction. The root mean square error (RMSE) was computed to be 
2.97% and 3.86% between the measured and calculated stresses and strains, respectively. Based 
on these findings, it may be concluded that the developed FE model is capable of simulating 























Figure 32. Measured and Calculated Longitudinal Strains at the bottom of HMA Layer 
 
 









































4. RESULTS AND DATA ANALYSIS 
 
The energy dissipated in the whole model during the passing of a dual-tire assembly (modeled as 
a series of time interval and vertical pressures) was obtained to estimate the fuel consumption 
excess. As only the pavement has been modeled and not the tire, the kinetic and strain energy 
related to the vehicle tire can be neglected and the total dissipated energy is related to the energy 
dissipated due to viscoelastic constitutive behavior of the paving materials. ALLCD, which is an 
in-built parameter in ABAQUS to calculate the energy dissipation in the whole model due to creep, 
swelling, and viscoelasticity was used as an input for fuel consumption estimation. The energy 
dissipation for the entire model is given as (Abaqus, 2013): 
 
                                                      𝐸𝑐 = ∫ (∫ 𝜎𝑐 ∶  𝑐𝑟𝑑𝑉
𝑡
0
) 𝑑𝑇                                                 (4.1) 
 
where σc is the stress applied, and εcr is viscoelastic strain rate. The total energy dissipation is the 
sum of energy dissipation integrated over the whole volume at each time increment. 
 VARIATION OF ENERGY DISSIPATION WITH SURFACE MIX 
Various surface mixes with different binders and varying percentages of RAP were analyzed for 
the energy dissipation due to a dual tire assembly moving at speed of 10, 60, and 75 mph on a 
flexible pavement. The details of the analyzed mix types is presented in Table 14. The viscoelastic 
properties of the mixes were modified while keeping the instantaneous modulus constant. The 
pavement with stiffer mix consumed less energy, especially at higher speeds. Compared to the 
conventional mixes, Reclaimed Asphalt Pavement (RAP) mixes were observed to dissipate less 
energy; energy dissipation was observed to be lowest for 64RAP40 and highest for 70CO, see 




energy dissipation was insignificant at higher vehicle speed. At higher vehicle speed, the pavement 
surface behaves as an elastic material, yielding an equivalent amount of energy dissipation 
irrespective of the type of mix. 
 
      Figure 34. Energy Dissipation for Different Surface Mixes at 10 mph 
 
 
































































Figure 36. Energy Dissipation for Different Surface Mixes at 75 mph 
 
 VARIATION OF ENERGY DISSIPATION WITH VEHICLE SPEED 
The effect of vehicle speed on energy dissipation was evaluated at 10, 30, 45, 60, and 75 mph. The 
vehicle speed was observed to have a relatively significant impact on energy loss when driving on 
a flexible pavement; see Figure 37. In other words, the excess of fuel required for a vehicle to 
overcome the energy dissipation is higher when it is driven at a lower speed. A significant decrease 
in energy dissipation was observed when speed was increased from 10 mph to 30 mph. The energy 
dissipation versus vehicle speed curve was observed to fit fairly accurately with a polynomial of 



































Figure 37. Energy Dissipation with Vehicle Speed for a Flexible Pavement 
 
 VARIATION OF ENERGY DISSIPATION WITH PAVEMENT TYPE 
The energy dissipation for flexible pavements was computed and compared for a dual-tire 
assembly moving at a constant speed of 10 mph. The energy dissipation was observed to be quite 
significant for the different pavement designs and was a function of the thickness of the HMA 
layer. Figure 38 presents the variation in energy dissipation with time for flexible pavement 
designs. For medium and high volume flexible pavements (with same thickness of the asphalt 
layer), the energy dissipation is almost equal, while the dissipation is lower for low volume flexible 
pavement. It can be inferred that the thickness of asphalt layer have a pronounced effect on energy 


































Figure 38: Variation of Energy Dissipation on Flexible Pavements 
 
 FUEL CONSUMPTION ANALYSIS 
The energy dissipation obtained from the FE model due to a dual-tire assembly was used to 
calculate fuel consumption excess for an 18-wheeler truck. Assuming the energy density of 
gasoline to be 32.4 MJ/L and an engine efficiency of 30%, the excess of fuel consumption due to 
the energy dissipated in pavement is given as (Lu, 2010): 
     Fuel Consumption Excess = Dissipated Energy (MJ 100 km)⁄
Energy Density of Gasoline (MJ L⁄ )∗Engine Efficiency
                       (4.2) 
 
4.4.1 Effect of Surface Mix Type on Fuel Consumption Excess 
The effect of surface mix type on fuel consumption excess at different vehicle speeds is presented 
in Figure 39 and Table 16. As shown in the Figure, the pavement with stiffer mix consumed less 
energy, especially at higher speeds. Compared to the conventional mixes, Reclaimed Asphalt 






























to be lowest for 64RAP40 and highest for 70CO. The RAP mixes being stiffer offer more 
resistance to energy dissipation and hence fuel consumption was reduced compared to the 
conventional mixes. The difference in fuel consumption excess for RAP mixes and conventional 
mixes is quite significant at low speed; fuel consumption excess is higher by 0.037 gal/100mile 
for 70CO compared to 64RAP40 at vehicle speed of 10 mph. However, the fuel consumption 
excess tends to merge at higher vehicle speed for all mixes, which can be attributed to the elastic 
behavior of asphalt mixes at higher vehicle speed, i.e., high frequency. The difference in energy 
dissipation of 0.5 MJ/100mile between the stiffest mix (64RAP40) and the least stiff mix (70CO) 
yields a corresponding 0.013 gal/100mile increase in fuel consumption to overcome the energy 
dissipation for an 18-wheeler truck at vehicle speed of 60 mph. 
 

































 Table 16. Fuel Consumption Excess due to Mix Type 
Mix Type 
Dissipated Energy (MJ/100 mile)  Fuel Consumption Excess  (gal/100 mile)  
10mph 60mph 75mph 10mph 60mph 75mph 
64CO 1.6762 0.5695 0.2249 0.0456 0.0155 0.0061 
64RAP40 0.8077 0.2781 0.1088 0.0220 0.0076 0.0030 
70CO 2.1480 0.7698 0.3082 0.0584 0.0209 0.0084 
76RAP15 1.2158 0.4096 0.1607 0.0330 0.0111 0.0044 
76CO 1.6798 0.6089 0.2428 0.0457 0.0165 0.0066 
 
4.4.2 Effect of Vehicle Speed and Pavement Type on Fuel Consumption Excess 
The effect of vehicle speed on fuel consumption excess is presented in Figure 40 and Table 17. 
The results suggest that the vehicle speed is insignificant to fuel consumption excess when a 
vehicle is driven at a higher speed. However, higher amount of fuel is consumed when the vehicle 
is driven at a very low speed.  For a flexible pavement, the fuel consumption excess was lower by 
0.038 gal/100mile when the vehicle speed increased from 10 mph to 75 mph.  
Table 18 compares the dissipated energy and vehicle fuel consumption excess for flexible 
pavements at a constant speed of 10 mph. The difference in fuel consumption excess between high 
volume flexible pavement and a low volume pavement was calculated to be 0.0032 gal/100mile. 
These results indicated that the AC layer thickness have a significant impact on fuel consumption 
excess; although the stress level in AC layer is lower for thicker pavements, the total volume of 
integration (see Equation 2) for energy dissipation is larger resulting in higher fuel consumption 
in pavement with greater thickness of AC. However, assuming a total fuel consumption of 17 
gal/100mile for an 18-wheeler truck, the excess fuel consumption due to energy dissipation was 
only a very small fraction of total vehicle fuel consumption; 0.001% at a vehicle speed of 60 mph. 




dissipation of 0.568 MJ/100mile yielded a corresponding 0.017 gal//100mile increase in fuel 
consumption to overcome the energy dissipation for an 18-wheeler truck at 60 mph.  It is expected 
that these factors may become significant with materials’ aging and the increase in surface 
roughness. The fuel consumption excess was observed to be equivalent for pavements with same 
HMA thickness but different thickness of base and subbase layers. This result suggest that, for 
flexible pavements, the thickness of the sub-layers other than HMA layer have a negligible effect 
on energy dissipation. 
 
Figure 40. Fuel Consumption Excess versus Vehicle Speed 
 





Fuel Consumption Excess 
(gal/100mile) 
10 1.5783 0.0429 
30 0.9105 0.0247 
45 0.7195 0.0196 
60 0.5901 0.0160 



































Fuel Consumption Excess 
(gal/100mile) 
 
a) Low Volume 0.7201 0.0196 
b) Medium Volume 1.5783 0.0429 
c) High Volume 1.6798 0.0456 
 
 COST ANALYSIS 
A comparison of additional fuel cost due to energy dissipation for flexible pavement with different 
surface mixes is presented in Table 18. Assuming the unit cost of gasoline to be $0.5/L, the total 
fuel costs for an 18 wheeler truck due to energy dissipation in the pavement, a cost saving of 
$0.0016/100km - $0.0042/100km per vehicle can be achieved by using a stiffer surface mix, i.e. 
64RAP40. However, the cost saving represent only a small fraction of the total fuel cost of 
$19.5/100km for an 18 wheeler truck. The comparison of additional fuel cost due to energy 
dissipation in pavement for different mix type is presented in Figure 41 and Table 19. 
 
Figure 41. Fuel Cost for Different Surface Mixes due to Energy Dissipation in Pavement 





















Table 19. Cost Comparison for Fuel Consumption Excess for Different Mix Type at Vehicle 
Speed of 60 mph 
Mix Type Fuel Consumption Excess for a Truck (gal/100mile) Total Cost ($/100mile) 
64CO 0.0182 0.0182 
64RAP40 0.0089 0.0089 
70CO 0.0246 0.0246 
76RAP15 0.0131 0.0131 
























5. CONCLUSIONS AND RECOMMENDATIONS 
 CONCLUSIONS 
The objective of the study was to evaluate the effect of AC mixes with different binders and 
varying percentages of Reclaimed Asphalt Pavement (RAP) on fuel consumption excess using 
three-dimensional finite element (FE) analysis. The effect of pavement layer thicknesses on energy 
dissipation was also studied. The present study presented a numerical FE method to access fuel 
consumption due to viscous characteristics of asphalt layers, which proved to have a very small 
impact compared to pavement roughness.  Furthermore, the following conclusions may be drawn: 
 The stiffness of the upper layers of the pavement structure plays a significant role in vehicular 
fuel economy such that a surface with lower stiffness consumes more energy compared to a 
surface with higher stiffness. The fuel consumption excess was observed to be lowest for the 
mix with high RAP content. 
 An increase in energy dissipation of 0.5 MJ/100mile between two asphalt mixes yields a 
corresponding 0.013 gal/100mile increase in fuel consumption to overcome the energy 
dissipation for an 18 wheeler truck at 60 mph. The results indicate that the direct influence of 
energy dissipation in fuel consumption excess is relatively small.  
 Fuel consumption excess was lowest at highest speed and increased with decreasing speed. 
The fuel consumption excess was lower by 0.038 gal/100mile when the vehicle speed 
increased from 10 mph to 75 mph. 
 The fuel consumption excess increased with the increase in AC thickness. However, fuel 
consumption excess was observed to be equivalent for flexible pavements varying thicknesses 





 In addition to the other benefits of RAP that have been demonstrated in the literature, (e.g., 
reduced consumption of virgin materials and mix reduced cost), fuel savings can be expected 
when increasing the stiffness of asphalt layers using RAP materials. 
 RECOMMENDATIONS 
The present study has provided a considerable insight on the fuel consumption due to pavement 
stiffness, surface mixes and vehicle speeds. However, future works could be conducted to 
incorporate other tire and pavement characteristics in the FE models. The study led to following 
recommendations for future research: 
 The tire load was modeled as a series of time intervals and vertical pressures, where the loading 
area and amplitude were gradually shifted over the fine mesh of the loading track. The present 
simulation does not consider the effect of lateral wander between the tire and pavement surface. 
Finite element model could be constructed to estimate the fuel consumption considering a 3D 
tire moving on the pavement surface. 
 The model could be further improved by developing a formulation for predicting the effect of 
both pavement viscoelasticity and roughness on fuel consumption. 
 A dual-tire assembly was considered to simulate the vehicular loading. FE models could be 
constructed to study the effect of new generation wide base tires on fuel consumption and 
compare the fuel consumption results between two different tire assemblies at different 
pavement conditions and vehicle speeds. 
 The additional fuel cost has been computed and compared for a vehicle per 100 mile of the 
pavement surface. Further research can be conducted to study the cost savings on rigid 
pavement or flexible pavement with stiffer mix by considering the various costs associated 
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